Abstract-A novel hydrostatic pressure sensor based on a gold-coated fiber modal interferometer (FMI) is proposed and demonstrated. Two single mode fibers (SMFs) are spliced with a lateral offset which forms a single-end FMI. The single-end FMI is gold-coated to enhance the reflectivity and to avoid the influence of any unwanted light from getting into the sensor. Relative reflection spectra of the proposed FMIs with different sensing SMF lengths or different lateral offsets are experimentally investigated. A high hydrostatic pressure sensor test system is proposed for the testing of the proposed FMI pressure sensor. The performance of a gold-coated FMI pressure sensor based on a 12-mm sensing SMF has been experimentally investigated. The proposed pressure sensor has a sensing range from 0 to 42 MPa and a sensitivity of 53 pm/MPa.
INTRODUCTION
Optical fiber sensors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] have attracted considerable attention in the past several decades due to their wide applications for a great variety of measurements such as temperature, strain, chemical concentration, refractive index, hydrostatic pressure and their advantages such as small size, light weight, high sensitivity, multiplexing capability, and immunity to electromagnetic interference. Among them, several hydrostatic pressure sensing techniques have been developed, which include hydrostatic pressure sensors based on birefringent fibers [14] [15] [16] , photonic crystal fibers (PCFs) (or microstructured fibers) [17] [18] [19] [20] [21] [22] [23] [24] , fiber Bragg gratings (FBGs) [18] , and Fabry-Pérot interferometers (FPIs) [25] [26] [27] . Hydrostatic pressure sensors based on birefringent fibers are not compact since they usually need non-fiber components to detect the pressure-induced phase or use the fiber Sagnac interferometer with a relatively long sensing fiber. PCFs [28] [29] [30] [31] [32] are the great success in the history of optical fibers, which have achieved excellent properties in birefringence [33] [34] [35] [36] [37] [38] [39] [40] , dispersion [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] , single polarization single mode [52] [53] [54] , nonlinearity [55] , and effective mode area [56] [57] [58] , and also excellent performances in the applications of fiber lasers [59] [60] [61] and nonlinear optics [62] [63] [64] [65] over the past several years. PCFs have also further improved optical fiber sensors and have been used for strain sensing [66] , gas sensing [67] , biochemical sensing [68] , refractive index sensing [69] and temperature sensing [70] . More recently, several hydrostatic pressure sensors based on the PCF are reported and demonstrated [17] [18] [19] [20] [21] [22] [23] [24] . However, the demonstrated PCF pressure sensors are neither compact due to the PCF with lengths of several tens of centimeters nor low cost due to the relatively complex fabrication processing. The fiber Bragg grating (FBG) is not very sensitive to the hydrostatic pressure and the fabrication needs high cost equipments, which is the same for the FPIs. We have recently proposed a hydrostatic pressure sensor based on mode interference of a few mode fiber [71] , which also needs a 37-cm sensing fiber.
In this paper, we use the inexpensive single mode fiber (SMF) to fabricate a novel fiber modal interferometer (FMI) based on lateral offset splicing, which is coated with gold for hydrostatic pressure sensing. The gold-coated SMF itself acts as the pressure sensing element and forms the FMI due to the interference of the cladding mode light and the core mode light. A high hydrostatic pressure sensor test system is conducted and a linear relationship between the hydrostatic pressure and the wavelength shift of the relative reflection spectrum of the FMI pressure sensor has been presented.
EXPERIMENTAL SETUP AND PRINCIPLE
Figure 1(a) shows the structure of the proposed FMI. The sensing SMF with a length (L) using as the hydrostatic pressure sensing element is spliced to the guiding SMF (using as the optical guiding medium) with a lateral offset (h). Note that the sensing SMF should be well cleaved to provide a good air-silica interface as one mirror of the FMI. The FMI is coated with gold to ensure the reflectivity of the spherical surface and also to avoid the influence of any unwanted light from getting into the sensor when the sensor head is inserted into the liquid. Note that when there is no gold coating for the sensing SMF of the FMI, the light of the fiber cladding mode of the sensing SMF will be leaky to the liquid and the mode index of the fiber cladding mode is also dependent on the index of the liquid which results in crosstalk between the pressure and the index (of the liquid) for sensing application. Figure 1(b) shows the experimental setup of the hydrostatic pressure sensing test system. A broadband light source (BLS) provides output light with a broadband wavelength range from 1410 nm to 1640 nm. The broadband light is injected into the FMI pressure sensor through a broadband optical coupler (OC). The reflective light is detected by an optical spectrum analyzer (OSA), which has a resolution of 0.02 nm. There is an FC/PC connector shown as the P point in Figure 1 (b) in the pressure sensing test system. The FMI pressure sensor is inserted into a sealed oil tank, where the hydrostatic pressure is controlled by a high pressure hydraulic pump and measured by an electronic pressure meter. The FMI pressure sensor should be kept straight and well fixed inside the sealed oil tank.
When the broadband light from the guiding SMF is injected into the FMI, part of the light power will be distributed in the core mode of the sensing SMF and some of the light power propagates in the cladding mode. They will be partially reflected by the end (silica-gold interface) of the sensing SMF, which finally result in the interference in the guiding SMF. When the power back to the guiding SMF for the core mode light and the cladding mode light is I 1 and I 2 , respectively, the measured intensity in the guiding SMF is given by
where L is the length of the sensing SMF and λ is the light wavelength in vacuum. ∆n = n 2 − n 1 is the difference of the mode indices of the core mode (n 1 ) and the cladding mode (n 2 ) of the sensing SMF. The wavelength spacing of the interfering spectrum according to Equation (1) is given by
When the sensing SMF is subjected to a hydrostatic pressure, the stress induced by the pressure will result in refractive index change due to the photoelastic effect. The refractive index of the pure silica subjected to the pressure is given by [18] 
where σ x , σ y and σ z are the stress components, C 1 = 6.5×10 −13 m 2 /N and C 2 = 4.2 × 10 −12 m 2 /N are the stress-optic coefficients of pure silica. Thus, ∆n, n 1 , and n 2 are dependent on the hydrostatic pressure applied on the sensing SMF. Note that there may be several cladding modes in the sensing fiber which will results in a relatively complex interference spectrum.
EXPERIMENTAL RESULTS
The red dotted curve shown in Figure 2 (a) is the measured output spectrum of the BLS due to Fresnel reflection of the open FC/PC connector (labeled P in Figure 1(b) ), which is used as the spectrum reference in this Letter. When the FMI based on a 12-mm sensing SMF is connected to P and suspended in air, the measured output spectrum of the FMI is shown as the black solid curve in Figure 2 largest extinction ratio (ER) is about 5 dB. Since there is the possibility that more than one cladding mode is exited in the sensing SMF, multimode interference may happen in the guiding SMF which results in a relative complex relative reflection spectrum of the FMI. The ER can be improved by employing a larger lateral offset where the guiding SFM can receive more power of the cladding mode light. As shown in Figure 3 , two FMIs with a lateral offset h = 4.5 µm have relative reflection spectra with a larger ER than the FMI with a lateral offset h = 3 µm, however, which also have larger insert loss. Figure 3 shows the relative reflection spectrum of the gold-coated FMI based on a 12-mm sensing SMF with a lateral offset h = 3 µm (red dotted curve), where one can observe that the reflectivity of the sensing SMF end is greatly enhanced (about 15 dB). The gold coating totally covers the sensing SMF, which enhances the reflectivity of the fiber end and avoids the influence of any unwanted light from getting into the sensor.
When the gold-coated FMI is inserted to the sealed oil tank, the mode indices of the cladding mode and the core mode of the sensing Figure 3 . Relative reflection spectra of the four FMIs: gold-coated FMI with a lateral offset h = 3 µm (red dotted curve), uncoated FMI with a lateral offset h = 3 µm (black solid curve), uncoated FMI with a lateral offset h = 4.5 µm and a 49-mm sensing SMF (green dotted curve), and uncoated FMI with a lateral offset 4.5 µm and a 20-mm sensing SMF (blue dashed curve). SMF will change due to the stress-optic effect [18] , which consequently results in the wavelength shift of the interference spectrum of the FMI. To show the performance of the proposed hydrostatic pressure sensor based on the FMI, we experimentally measure the reflection spectra of the proposed hydrostatic pressure sensor based on a gold-coated FMI based on a 12-mm sensing SMF with a lateral offset h = 3 µm under different hydrostatic pressures from 0 to 42 MPa with a step of 3 MPa, which are shown in the inset of Figure 4 . Note that the wavelength range is limited to cover one period of the relative reflection spectra with one trough wavelength around 1545 nm for a high accurate measurement of the wavelength shift of the spectra. The wavelength shift of the relative reflection spectra is quite small. In order to achieve more accurate information which the relative reflection spectra of the hydrostatic pressure sensor carry, we use a polynomial expression by fitting a curve for the relative reflection spectra. For example, we achieve the trough wavelengths of the relative reflection spectra by calculating the axis of symmetry of a second-order polynomial which is achieved by fitting the relative reflection spectra curve in a wavelength range of 1 nm. Figure 4 shows trough wavelengths (around 1545 nm) of the reflection spectra of the proposed hydrostatic pressure sensor versus hydrostatic pressure. A linear relationship between the hydrostatic pressure and wavelength shift of the trough wavelength of the relative reflection spectra is observed. The sensitivity of the pressure sensor is about 53 pm/MPa (or 0.019 MPa/pm), which is much larger than that of the previously reported FBG hydrostatic pressure sensor [18] . The maximum hydrostatic pressure applied to the sensor is 42 MPa, which is limited by the sealed oil tank and the high pressure hydraulic pump in our laboratory. The proposed hydrostatic pressure sensor is expected to have a much larger sensing range up to hundreds of MPa.
DISCUSSIONS AND CONCLUSION
Although the recently developed photonic crystal fibers have been used to further improve the performance of the hydrostatic pressure sensor based on optical fibers, the SMF is still a good candidate due to the low cost and the ease to connect the optical source. The length of our previously reported FMI pressure sensor based on a few mode fiber is relative large since the FMI is based on two fiber core modes of the few mode fiber and they have a very small difference of the mode indices which results in a large L for a suitable wavelength spacing according to Equation (2) . The proposed FMI have a relatively short length due to the larger difference of the mode indices between the core mode and the cladding mode of the SMF. In practical applications of the pressure sensor, other environmental variables such as strain and temperature should also be considered. The pressure sensor should be well fixed in the sensing environment to avoid any strain which may be introduced by bending. For the temperature influence, we experimentally measured relative reflection spectra of the goldcoated FMI under temperature of 25 • C, 77 • C, 127 • C, and 183 • C, respectively, which are shown in Figure 5 . The temperature change will also result in the wavelength shift with a sensitivity of about 75 pm/ • C, which indicate a temperature sensor should also be used together with the pressure sensor. So far the temperature cross-talk has been one of the changing problems for most fiber-based pressure sensors. When the influence of the temperature and train are ignored, the uncertainty of the pressure sensor is very low (less than 0.1%).
In conclusion, we have proposed and demonstrated a hydrostatic pressure sensor based on a gold-jacketed FMI formed by lateral splicing of the SMF. The pressure sensor can have a length even as short as several millimeters. An experimental setup of the proposed hydrostatic pressure sensor has been conducted and the results shown that applied hydrostatic pressure to the pressure sensor caused a red-shift of the relative reflection spectrum of the pressure sensor. The linear relationship between the hydrostatic pressure and the wavelength shift of the relative reflection spectrum of the pressure sensor has been presented. The 
